Conventional impedance profile of a neuron can identify its resonant properties, even though this measure can not distinguish if the input signal is positive or negative. Experimental observations have shown that the response of neurons to oscillatory inputs in different frequencies preferentially enhance either excitation or inhibition. Here we show that this asymmetric voltage response can arise by submitting a neuron model to high amplitude oscillatory currents of variable frequencies. We propose a method to separately characterize neuronal resonance in both depolarized and hyperpolarized states, which depending on the combination of the membrane potential and the kinetics of the resonant current may differ in frequency and amplitude. This asymmetry in response can be used by a brain embedded neuron to discriminate between the frequency dependent excitatory and inhibitory inputs that occur in network oscillatory states.
Under the right combination of ionic currents and input frequency, neurons can exhibit subthreshold resonance, i.e. enhancement of the membrane voltage response to the frequency of the oscillatory input current. Experimental and theoretical studies have related this phenomenon to properties of resonant ionic currents, for instance time constants and conductances [1] [2] [3] [4] . However, there are still open questions such as: if and how resonance can be used for signal processing [5, 6] , and how alterations in the biophysical properties of neurons modify resonance [7] . Here we tackle these questions and suggest possible solutions.
One of these resonant currents is the hyperpolarization-activated current (I h ) and recent studies have shown the role of the I h in the neuronal resonance, usually based on (i) dynamical systems analyses [8, 9] ; (ii) characterization of response curves, mostly measured by means of the impedance (Z) magnitude and phase [2, 4, 10, 11] ; and (iii) autocorrelograms [12] .
Typically, by submitting a neuron to a sinusoidal current with a time varying frequency f (ZAP function) [13, 14] and measuring the voltage response, one can construct the impedance amplitude profile of the neuron, which is given by the ratio of the Fourier transforms of the output and the input: Z(f ) = FFT out /FFT in [3, 13] . The resonance frequency f res is determined as the one for which there is a peak in Z(f ). The ZAP input is usually applied with low amplitudes (tens of pA or less) and, in general, the voltage response oscillations are symmetric about a reference voltage line. However, since I h is activated by hyperpolarization, it is expected that large voltage changes bias the impedance response differently among depolarized and hyperpolarized currents. In fact, recently it was reported evidence of asymmetric voltage * rfdop@uol.com.br † antonior@usp.br responses to ZAP functions, with noncoincident depolarizing and hyperpolarizing membrane resonance frequencies [15] [16] [17] [18] .
Here we investigate the asymmetric voltage response of neurons with I h currents by using high amplitude inputs within the biological range (0.1 nA ≤ A ≤ 1 nA) [19] . More specifically, we are interested in the biophysical mechanisms of asymmetric hyperpolarized and depolarized responses and how these might be used to discriminate between excitatory and inhibitory inputs. For this we focus our analysis in determining how the asymmetric voltage response influence the existence of resonance, resonance frequency and impedance peak for hyperpolarized and depolarized responses.
To characterize the asymmetric membrane potential responses we propose two alternative measures to the usual ratio of Fourier transforms. We take the holding potential (V hold ) as a reference voltage line, so that voltages above it will be positive and voltages below it will be negative, and, for each frequency f , measure the magnitudes of the maximum (peak) and minimum (trough) voltage traces normalized by the ZAP current amplitude (A) (Fig. 1) . Let us call these two quantities, which depend on the frequency f and have dimensions of impedance, depolarizing impedance (Z + (f )) and hyperpolarizing impedance (Z − (f )) respectively.
where V +/− is the absolute peak/trough distance from V hold , and N +/− are the number of peaks/troughs in the time series, respectively.
Our studies were done using a conductance based neuron model with only I h and leak I leak currents with membrane potential (V ) obeying: C mV (t) = −I h (V, t) − I leak (V ) + I ZAP (t) + I DC , where C m = 1µF/cm 2 is the membrane capacitance, I h follows the Hodgkin-Huxley 
We show the method for calculation of Z + (f ) and
At the beginning of simulation the neuron is at the resting potential (Vrest). Shortly after that, the potential changes to the holding potential (V hold ), which is taken as reference (voltages above it are positive and voltages below it are negative). After the ZAP current is applied, the peaks V + (f ) and troughs V − (f ) of the voltage response are taken, and Z + (f ) and Z − (f ) are calculated as these respective quantities normalized by the ZAP amplitude A (see text).
Neuron parameters formalism [20] , I ZAP represents the ZAP current [21] , and
The purpose of this is to isolate the effect of the I h current without the interplay of other ionic currents. A current was applied to keep the neuron at different V hold values (I DC ): −90mV ≤ V hold ≤ −50 mV. All simulations were run in the NEURON simulator using the Python interface [22] . All parameters used are displayed in Table I .
In Fig. 2 we show examples of Z + (f ) (solid lines) and Z − (f ) (dashed lines) measured from our simulations. For the low ZAP current amplitude (A = 10 pA; Fig. 2(a) ), Z + (f ) and Z − (f ) are identical. On the other hand, for the high ZAP current amplitude (A = 1 nA; Fig. 2(b) ), Z + (f ) and Z − (f ) display different resonance peaks. Moreover, depending on the holding potential, a resonance peak can exist in Z − (f ) but not in Z + (f ). The previous examples (Fig. 2) showed that Z + (f ) and Z − (f ) impedance curves depend on the biophysical properties of I h , more specifically τ h and voltage [4] . To study the combined effect of these parameters on the impedance profile (low or band-pass filter), we characterized all four possible scenarios: (i) both Z + and Z − do not exhibit resonance, i.e, are low-pass filters; (ii) Z + is a low-pass filter and Z − a band-pass filter; (iii) both Z + and Z − are band-pass filters; (iv) Z + is a band-pass filter and Z − is a low-pass filter, which was not detected in our simulations.
A high ZAP amplitude abolishes resonance in Z + for depolarized V hold (Fig. 3(b) ). Thus low-pass or bandpass filtering behavior for depolarizing current is dependent on the current amplitude. This suggests that in a physiological context, the arrival of oscillatory synaptic inputs might be able to modulate post-synaptic neuron response in a manner that high amplitude inputs are preferentially transmitted at low frequencies (a selected frequency band) if the post-synaptic neuron is depolarized (hyperpolarized). This suggests a role of the asymmetrical response in the selectivity of synaptic inputs.
Interestingly, the Z − resonance is not affected by the amplitude current (Fig. 3(a,b) ). This might be due to the fact that I h is activated by hyperpolarization, and, as suggested elsewhere [4] , I h parameters determine the resonance properties. This also explains why Z + displays resonance only for low amplitude currents.
For a further characterization of the resonance properties under high ZAP current amplitude, the differences between the depolarizing and the hyperpolarizing membrane resonance peaks and frequencies were quantified (Fig. 4) . We calculated the difference between the resonance peaks as ∆Z = Z + (f For different combinations of τ h and V hold these shifts are shown in the V hold -τ h diagram (Fig. 5) . We indicate the regions as in Fig. 3 resonance is indicated by a hatched area. Different combinations of τ h and V hold can modulate the neuron's response for excitatory and inhibitory stimuli in both amplitude and frequency (Fig. 5) . For A = 0.1 nA, the kinetics of I h governs the effect of V hold on ∆Z. When τ h is high, implying slow I h kinetics (bottom half of V hold -τ h diagram in Fig. 5(a) ), hyperpolarized/depolarized V hold values correspond to amplification of depolarizing/hyperpolarizing inputs (see the schemes for points (i) and (ii) in Fig. 5(g) ) . On the other hand, lower τ h values, i.e. fast I h kinetics, weaken the ∆Z sensitivity to V hold . As A increases, τ h loses control on ∆Z, which might be related to the activation of I h not being able to follow high amplitudes, and for most of the V hold -τ h diagram ∆Z is weakly sensitive to V hold (Figs. 5(b,c) ). This latter observation can be related to higher amplitudes resulting in large displacements of the membrane potential consequently masking the V hold effect. These observations suggest a high sensitivity of the impedance amplitude to intermediate current amplitudes (A = 0.1 nA) and a saturation for higher amplitude currents (A ≥ 0.3 nA).
In Fig. 5(d) , V hold has no apparent influence on ∆f for slow τ h but higher frequency shifts are displayed at fast kinetics, which increase with V hold . This latter influence of V hold for low τ h is strengthened for higher amplitude values (Fig. 5(e,f) ). In general, an increase in the current amplitude corresponds to an increase in the absolute value of ∆f . For regions close to Z + with low-pass filtering behavior (hatched area), f + res is near zero and, consequently, ∆f is maximized. These effects can be visualized in the schematic representation for point (iii) in Fig. 5(g) . The striking differences seen in the V hold -τ h diagrams show that our proposed measure can capture high nonlinearities in resonant neurons.
As we proposed elsewhere [4] , neuronal resonance generated by I h is governed by the interplay between the I h kinetics and the voltage-dependent conductance. Our results here suggest that asymmetries in the depolarized and hyperpolarized resonances (∆Z > 0, ∆Z < 0 and ∆f < 0) are also driven by the same two parameters, but mostly at high oscillatory amplitudes. More specifically, when the neuron is submitted to an oscillatory stimulation with amplitudes of the order of tens of pA, bigger displacements of the membrane voltage in relation to V hold are generated, and, consequently, I h will be less activated for V > V hold . Such effect explains why higher V hold values abolishes Z + resonance whereas Z − resonance remains. Furthermore, we propose that currents with different activation curves could reverse this phenomenon, i.e. currents with activation for depolarized voltage values would generate resonance in Z + but not in Z − (see for example resonance in Z + [15] ).
These observations suggest important implications for signal processing in neurons. First, the case of ∆Z being negative (positive) could mean that oscillatory inputs to a neuron would lead it to preferably respond with hyperpolarizing (depolarizing) displacements in the membrane potential, suggesting distinct roles for excitation and inhibition. Second, the existence of negative ∆f suggests that the neuron preferentially transmits excitatory inputs at lower frequencies than inhibitory inputs due to the low-pass behavior of Z + . In this regard, we propose a role for neuron response modulation under inhibitory/excitatory oscillatory inputs for different values of I h kinetics parameters and its voltage regulated activation. Indeed, the kinetics of I h has its time constant spanning from tens of milliseconds to several seconds [24] [25] [26] [27] [28] [29] [30] , indicating a high variability that potentially could serve as input modulation.
Our theoretical results are in line with recent experimental results [18] suggesting that the extraction of Z + (f ) and Z − (f ) as defined here can be useful for studies of resonance phenomena in neurons. In particular, these quantities could be used to characterize the differential response of neurons to oscillatory inputs with different frequencies. As has been shown, the impact of subthreshold resonance ranges from suprathreshold neuronal properties (e.g. firing rate) to network behavior and learning [31] [32] [33] [34] . Experimental observations also show that resonance can emerge by inhibitory communication [35] . Aligned with this, our results suggest mechanisms by which a network could not only switch between different states according to its activity and input frequency but also modulate the spiking properties of its neurons, which are phenomena that deserve further exploration. 
